Movement, cell division, protein biosynthesis, electron transfer against an electrochemical gradient, and many more processes depend on energy conversions coupled to the hydrolysis of ATP. The reduction of metal sites with low reduction potentials (E 0 0 < −500 mV) is possible by connecting an energetical uphill electron transfer with the hydrolysis of ATP. The corrinoid-iron/ sulfur protein (CoFeSP) operates within the reductive acetyl-CoA pathway by transferring a methyl group from methyltetrahydrofolate bound to a methyltransferase to the [Ni-Ni-Fe 4 S 4 ] cluster of acetyl-CoA synthase. Methylation of CoFeSP only occurs in the lowpotential Co(I) state, which can be sporadically oxidized to the inactive Co(II) state, making its reductive reactivation necessary. Here we show that an open-reading frame proximal to the structural genes of CoFeSP encodes an ATP-dependent reductive activator of CoFeSP. Our biochemical and structural analysis uncovers a unique type of reductive activator distinct from the electron-transferring ATPases found to reduce the MoFe-nitrogenase and 2-hydroxyacyl-CoA dehydratases. The CoFeSP activator contains an ASKHA domain (acetate and sugar kinases, Hsp70, and actin) harboring the ATP-binding site, which is also present in the activator of 2-hydroxyacyl-CoA dehydratases and a ferredoxin-like [2Fe-2S] cluster domain acting as electron donor. Complex formation between CoFeSP and its activator depends on the oxidation state of CoFeSP, which provides evidence for a unique strategy to achieve unidirectional electron transfer between two redox proteins. E nergy transduction is fundamental for life. Aerobic and anaerobic organisms depend on coupling ATP hydrolysis to movement, activation of metabolites, or peptide bond formation, among others. Several metal-containing enzymes, such as nitrogenase, radical-dependent β,α-dehydratases, the related benzoylCoA reductases, and different cobalamin-dependent methyltransferases are able to convert unreactive molecules by acting in a low-potential regime. The highly energetic electrons required for these reactions (1-3) are injected by ATPases that enable the transfer of electrons against the redox potential gradient, driven by the hydrolysis of ATP. Three different types of reductive metallo-ATPase have been described so far.
Movement, cell division, protein biosynthesis, electron transfer against an electrochemical gradient, and many more processes depend on energy conversions coupled to the hydrolysis of ATP. The reduction of metal sites with low reduction potentials (E 0 0 < −500 mV) is possible by connecting an energetical uphill electron transfer with the hydrolysis of ATP. The corrinoid-iron/ sulfur protein (CoFeSP) operates within the reductive acetyl-CoA pathway by transferring a methyl group from methyltetrahydrofolate bound to a methyltransferase to the [Ni-Ni-Fe 4 S 4 ] cluster of acetyl-CoA synthase. Methylation of CoFeSP only occurs in the lowpotential Co(I) state, which can be sporadically oxidized to the inactive Co(II) state, making its reductive reactivation necessary. Here we show that an open-reading frame proximal to the structural genes of CoFeSP encodes an ATP-dependent reductive activator of CoFeSP. Our biochemical and structural analysis uncovers a unique type of reductive activator distinct from the electron-transferring ATPases found to reduce the MoFe-nitrogenase and 2-hydroxyacyl-CoA dehydratases. The CoFeSP activator contains an ASKHA domain (acetate and sugar kinases, Hsp70, and actin) harboring the ATP-binding site, which is also present in the activator of 2-hydroxyacyl-CoA dehydratases and a ferredoxin-like [2Fe-2S] cluster domain acting as electron donor. Complex formation between CoFeSP and its activator depends on the oxidation state of CoFeSP, which provides evidence for a unique strategy to achieve unidirectional electron transfer between two redox proteins. E nergy transduction is fundamental for life. Aerobic and anaerobic organisms depend on coupling ATP hydrolysis to movement, activation of metabolites, or peptide bond formation, among others. Several metal-containing enzymes, such as nitrogenase, radical-dependent β,α-dehydratases, the related benzoylCoA reductases, and different cobalamin-dependent methyltransferases are able to convert unreactive molecules by acting in a low-potential regime. The highly energetic electrons required for these reactions (1) (2) (3) are injected by ATPases that enable the transfer of electrons against the redox potential gradient, driven by the hydrolysis of ATP. Three different types of reductive metallo-ATPase have been described so far.
The enzyme nitrogenase is by reducing dinitrogen with six electrons to ammonia at the heart of the global nitrogen cycle (1, 4, 5) . Nitrogenase consists of the dinitrogenase, also called MoFe protein for the predominant Mo-containing variant, and the dinitrogenase reductase, called Fe protein (1, (4) (5) (6) . The Fe protein is a homodimer covalently linked through a [4Fe-4S] cluster bound within the dimer interface. Both monomers are able to bind and hydrolyze ATP in a cleft containing a P loop. For electron transfer (ET) between Fe and MoFe proteins to occur, the reduced Fe protein binds MgATP and forms a complex with the MoFe protein positioning the electron-donating [4Fe-4S] cluster and electron-accepting P cluster within the typical limits for physiological ET (<15 Å) (1, 4, 7, 8) . Hydrolysis of two ATP molecules initiates a one-electron transfer between both partners (9, 10) . Conformational changes of the Fe protein induced by ATP hydrolysis are believed to act as switches for the association/ dissociation of the Fe:MoFe protein complex and the delivery of electrons (8) (9) (10) (11) . The Fe protein is bifunctional and also acts as a molybdate/homocitrate insertase during the maturation of nitrogenase (5, 12) .
Benzoyl CoA reductases and 2-hydroxyacyl CoA dehydratases rely on homologous metallo-ATPases to catalyze the reduction of benzoyl-CoA or the β/α-dehydration of 2-hydroxyacyl-CoA compounds via formation of ketyl radicals (2) . The structure of the homodimeric activator of 2-hydroxyglutaryl-CoA dehydratase revealed a [4Fe-4S] cluster covalently linking the two monomers, on a first glance resembling the Fe protein (13) . The structure of the activator also showed it to be a member of the ASKHA (acetate and sugar kinases/heat shock protein 70/actin) superfamily. ASKHA proteins catalyze phosphoryl transfers or hydrolysis of ATP in a variety of biological contexts and are distinct from the P loop containing switch-type NTPases to which the Fe protein of nitrogenase belongs (13, 14) . The binding of two MgATP molecules to the reduced activator is supposed to induce a conformational change and drives formation of the complex with the dehydratase. ATP hydrolysis likely increases the reducing power of the reduced [4Fe-4S] cluster of the activator, enabling the one-electron transfer to the low-potential [4Fe-4S] cluster of the dehydratase (2, 15) . Unlike the 2-hydroxyacyl-CoA dehydratase system, the reduction of benzoyl-CoA is a two-step ETrequiring a stoichiometric consumption of ATP (3) .
Recently, a third class of electron-transferring metallo-ATPases has been discovered (16) (17) (18) . This enzyme class belongs to the COG3894 protein family and has been termed reductive activases for corrinoid enzymes (RACE) (17) . The genome of several anaerobic microorganisms, which encode corrinoid-dependent methyltransferases and enzymes of the reductive acetyl-CoA pathway, also encode for proteins homologous to the two investigated RACE proteins with their characteristic binding motifs for one Fe/S cluster (17, 18) . Bacterial RACE proteins typically show [2Fe-2S] cluster-binding-motifs, as in the veratrol O-demethylase system of Acetobacterium dehalogenans (16) , whereas in archaea, as in the activator of the methylamine methyltransferase of the methanogenic archaeon Methanosarcina barkeri [4Fe-4S] cluster-binding motifs are more abundant (17, 18) .
The anaerobic hydrogenogenic bacterium Carboxydothermus hydrogenoformans is able to convert CO 2 into cellular carbon compounds via the reductive acetyl-CoA pathway (also known as the Wood-Ljungdahl pathway) (19) (20) (21) . The corrinoid/ironsulfur protein (CoFeSP) connects the methyl and carbonyl branch of this pathway by accepting a methyl group from methyltetrahydrofolate bound to a methyltransferase and donating it to the Ni, Fe-containing acetyl-CoA synthase (22, 23) . Three redox states are known for the corrinoid cofactor of CoFeSP: The nucleophilic Co(I) acts as a methyl-acceptor, Co(II) is an oxidized inactive state, and CH 3 − CoðIIIÞ acts as the methyl donor of acetyl-CoA synthase (22, 23) . The occasional oxidation of Co(I) to Co(II) inactivates CoFeSP, which has to be reactivated by a one-electron reduction (23, 24) . The low midpoint potential needed to reduce Co 2þ to Co 1þ (< − 504 mV at pH 7.4) (25) can be achieved in vitro using either chemical reducing agents such as Na-dithionite (DT), Ti 3þ citrate, via photoreduction with deazariboflavin as a catalyst or enzymatically with electrons generated by the oxidation of CO to CO 2 by carbon monoxide dehydrogenase (22, 26) . An ATP-dependent reactivation of CoFeSP has not been reported so far.
An open reading frame (orf7), situated between the structural genes coding for the CoFeSP subunits CfsA and CfsB of Moorella thermoacetica (27) , codes for a member of the COG3894 protein family and contains the putative [2Fe-2S] cluster-binding motif CX 5 CX 2 CX n C (17, 18) . The genome of C. hydrogenoformans contains a similar arrangement of genes coding for enzymes of the reductive acetyl-CoA pathway as M. thermoacetica, including a homolog of Orf7 (CHY_1224 assigned as COG3894). To test whether an ATP-dependent reductive activator is operative in the reductive acetyl-CoA pathway, we established the heterologous production of the Orf7 homolog and investigated its activity, structure, and selective complex formation with CoFeSP. Furthermore, we reveal its relationship to known ATPases including the activator of 2-hydroxyacyl-CoA dehydratases and compare its strategy to achieve unidirectional electron transport with the other types of ATP-dependent activators/reductases.
Results
Biochemical Characterization. The Orf7 homolog from C. hydrogenoformans was heterologously produced in Escherichia coli and purified to homogeneity using three chromatography steps under anoxic conditions (Fig. S1 ). The UV-visible (UV-vis) spectrum of the as-isolated protein shows the typical spectrum of an oxidized [2Fe-2S] cluster containing ferredoxin with maxima at 350, 410, and 460 nm, and a shoulder at 550 nm (Fig. S2, solid line) . Bleaching of the [2Fe-2S] cluster spectrum was observed in the presence of 2 mM DTT. The reduction was completed within 10 min (Fig. S2, dashed line) . The non-heme iron was determined to be approximately 1-2 mol of iron per mole of monomer protein, depending on preparation. Disappearance of the characteristic features of the [2Fe-2S] cluster was observed after exposing the protein to air for 2 d.
ATPase Activity. ATP hydrolysis by the Orf7 homolog was followed under anoxic conditions using a coupled ATPase assay (28 (Fig. 1 ). An addition of 2 mM DTT, a condition under which reduction of CoFeSP does not occur, was sufficient to reduce the Orf7 homolog. Electron transfer from the reduced Orf7 homolog to Co(II)-CoFeSP was not observed in the absence of ATP, but was initiated by adding ATP to the reaction mixture. Upon reduction of Co(II) to Co(I), the absorption at 475 nm decreased (Co 2þ ) and a distinct band at 390 nm, characteristic for Co 1þ , appeared (22, 29) (Fig. 1A) . The reduction of CoFeSP by the Orf7 homolog was strictly dependent on the presence of ATP and conditions suitable for ATP hydrolysis. Both Mg 2þ and K þ had to be present in the assay to enable ET. At least equimolar concentrations of the Orf7 homolog were necessary for a complete reduction of CoFeSP. No formation of Co(I) was detectable when only catalytic amounts of the Orf7 homolog were used. The rate of ET increased with the ATP concentration up to 2 mM ATP (Fig. 1B) . No ATP-induced reduction of Co(II)-CoFeSP was detectable when the Orf7 homolog variants (D212A, D377A, and E404A) were used in the ET assay. The rate of ET may be too slow to be detected by our optical assay.
As the Orf7 homolog is able to activate Co(II)-CoFeSP, in the following text we named it reductive activator of CoFeSP (RACo) or "activator" for short.
Formation of the Activator:CoFeSP Complex. Analytical size-exclusion chromatography was used to investigate the interaction between CoFeSP and RACo. As shown in Fig. 2A , the individual CoFeSP and RACo preparations showed distinct peaks at defined elution volumes. CoFeSP eluted at 77.5 mL (86 kDa) corresponding to a heterodimer composed of the CfsA and CfsB subunits. The molecular size of RACo was determined to be 158 kDa (elution volume of 68.3 mL), consistent with a homodimeric state in solution.
We then investigated the formation of a stable activator: CoFeSP complex by analytical gel filtration after incubating the Co(II) state of CoFeSP with DTT-reduced RACo. A new symmetrical peak at an elution volume of 60.3 mL was observed, which is clearly separated from the peaks obtained for the individual proteins (Fig. 2B, dashed-line) . The elution volume of this peak corresponds to a molecular weight of 280 kDa. For further investigation, fractions of the distinct peaks were collected and analyzed by SDS-PAGE, as shown in Fig. 2C . The fractions corresponding to the peak with an elution volume of 60.3 mL clearly display three bands representing the activator (68 kDa monomer) and the two subunits of CoFeSP (48 and 34 kDa), whereas the other two peaks with elution volumes of 68.3 and 77.5 mL contain mainly the individual proteins. Densitometric analysis of SDS-PAGE gels indicates that approximately one molecule of RACo forms a complex with one molecule of CoFeSP. The results obtained from SDS-PAGE and size-exclusion chromatography ( Fig. 2 B and C) are thus in excellent agreement with a 2∶2∶2 stoichiometry of CfsA, CfsB, and RACo with a theoretical molecular mass of 300 kDa. To check whether complex formation discriminates between active and inactive states of CoFeSP, we performed gel filtration experiments of RACo with the two active states of CoFeSP, namely the methylated (CH 3 -CoðIIIÞ-CoFeSP) and the reduced Co(I) state. When CH 3 -CoðIIIÞ-CoFeSP was incubated with the DTT-reduced RACo, only about 14% of the complex observed with Co(II)-CoFeSP (Fig. 2B , dashed line) was detected (Fig. 2B , dotted line). We cannot exclude that the sensitive Co-carbon bond became partly photolysed and the small amount of complex observed may be due to a conversion of CH 3 -CoðIIIÞ-CoFeSP to Co(II)-CoFeSP.
After incubating RACo with Co(I)-CoFeSP, prepared by reducing Co(II)CoFeSP with 1 mM DT, no peak in the region of 60 mL indicating complex formation was observed (Fig. 2B , solid line). These results show that the formation of a stable complex critically depends on the redox state of CoFeSP, which is strongly favored for the inactive Co(II)-CoFeSP state.
Furthermore, we tested whether the formation of the RACo: CoFeSP complex depends on the redox state of RACo or nucleotides present in the assay ( Overall Structure of RACo. We solved the crystal structure of the activator by single isomorphous replacement combined with anomalous scattering (SIRAS) methods using a HgCl 2 -derivatized crystal diffracting to 2.35 Å with space group P2 1 2 1 2 1 . A first protein model was built and refined (Table S1 ), however this model lacked the N-terminal region (residues 1-108) for both monomers present in the asymmetric unit (ASU). Another crystal form with an approximately 12-Å longer a axis having the same crystal symmetry was obtained and refined at 2.2 Å to a crystallographic R factor of 22% and R free factor of 26% (Table S2) . From the two molecules found in the ASU, one molecule could be built and refined, including residues 3-630 containing the N-terminally bound [2Fe-2S] cluster (referred to as subunit A), whereas in the other molecule, residues 1-108 were again disordered (referred to as subunit B) (Fig. 3) . The structure of RACo can be divided into four domains: the N-terminal domain (residues 3-94) binding the [2Fe-2S] cluster, a linker domain (residues 95-125), the middle domain (residues 126-206), and the large C-terminal domain (residues 207-630) as illustrated in Fig. 3A .
A first search for structural homologs of RACo using the DALI server (30) did not reveal any obvious hits. But when only the C-terminal domain was used, several similar proteins were identified, including the heat shock protein 70 (Hsp70) [Protein Data Bank (PDB) ID 3L6Q], the cell division protein FtsA (PDB ID 1E4G), the anhydro-N-acetylmuramic acid kinase (PDB ID 3QBW), the chaperone DnaK (PDB ID 2V7Y), the heat shock cognate 70 protein (Hsc70) (PDB ID 3L6Q), actin (PDB ID 1H1V), and the reductive activator of (R)-2-hydroxyglutaryl CoA dehydratase (PDB ID 1HUX), with DALI Z scores of 12-14 (Table S3 ). All of these structural homologs are members of the ASKHA superfamily, demonstrating that RACo is a member of the ASKHA family. We therefore term the C-terminal domain of RACo the ASKHA domain. The structure of the N-terminal domain containing the [2Fe-2S] cluster of the activator resembles the plant-type ferredoxins with DALI Z scores of 13 and 14 (Table S4) . No homologous structures were found for the middle domain. shows the characteristic topology of the β-grasp found in planttype [2Fe-2S] cluster ferredoxins (31), consisting of a β-sheet with five β-strands (S1-S3, S5, and S7) and an α-helix (H1) on top of the sheet (Fig. S5A) . Two antiparallel β-strands (S4 and S6), one α-helix (H2), and a short 3 10 helix (H3) surround the central core. The position of the [2Fe-2S] cluster was confirmed using the anomalous signal from the iron atoms (Fig. S5A) . The [2Fe-2S] cluster is located at the outer surface of the N-terminal domain and is in a distance of approximately 40 Å from the ATP-binding site of the ASKHA domain (Fig. 3A) . The conserved cysteine motif C38-X 5 -C44-X 2 -C47-X 29 -C77 coordinates the two iron atoms, where three cysteines (Cys38, Cys44, and Cys47) are present in the loop region and Cys77 is part of the 3 10 helix (H3). The N-terminal domain displays a weaker electron density and on average higher B factors than the rest of the protein (Table S2) , indicating a higher mobility of this domain.
The linker domain connects the N-terminal domain to the middle domain (Fig. S5C) . Hydrogen bonds centered around Glu105 stabilize H4 by interaction with S8 of the linker domain (Fig. S5C) . Residues Glu113 and Glu118 interact directly with residues of the ASKHA domain.
Middle Domain and Dimerization. The middle domain includes a β-sheet of three antiparallel β-strands (S9, S11, and S12), an α-helix (H5), a short β-strand (S10) on top of the β-sheet, and two α-helices (H6 and H7) in close proximity (Fig. S6A) . Dimerization is primarily mediated by residues from two α-helices (H6 and H7) of the middle domain with subdomain I of the ASKHA domain (Fig. S6B) . Additionally, Glu163 of H6 is interacting with Tyr188 of the middle domain from subunit B. Nineteen hydrogenbonding interactions between side chains and backbone atoms and via water molecules are possible (Fig. S6B) . Only 7% of the overall accessible surface area of 45;487 Å 2 are involved in dimerization of the activator.
Nucleotide Binding Site Within the ASKHA Domain. Despite the lowsequence identity shared between members of the ASKHA family, they show a common central fold consisting of two domains with βββαβαβα topology (14) . The architecture of the ASKHA domain resembles the structure of the common core motif of this superfamily, which forms an interdomain cleft where nucleotide binding and hydrolysis occur (Fig. 3B , Left and Fig. S7 ). Following the nomenclature originally proposed for Hsc70 (14) , we divide the ASKHA domain of RACo into two large subdomains, I and II (Fig. 3B, Right) . Each of the two subdomains consists of a five-stranded β-sheet surrounded by three α-helices with a β 1 β 2 β 3 α 1 β 4 α 2 β 5 α 3 topology. As in Hsc70, the subdomains I and II can be further divided into the four lobes IA, IB, IIA, and IIB (Fig. 3B, Right) . The two lobes IA and IB are separated by functionality rather than structure. Whereas lobe IA is a part of the core fold responsible for nucleotide binding and hydrolysis, lobe IB comprises a short region between the C terminus of H12 and the N terminus of H14 (26 residues) responsible for dimerization (Fig. 3B) . Lobe IIB is positioned near the N terminus of H21 and consists of two nearly perpendicular two-stranded antiparallel β-sheets (S22-S26), surrounded by the four α-helices H17-H20 (Fig. 3B and Fig. S7 ).
We observed strong additional electron density in the cleft between subdomain I and II, which was modeled as a phosphate ion associated with a Mg 2þ ion with its typical octahedral coordination by water molecules (Fig. 3C) . The oxygen atoms of the phosphate ion are in hydrogen-bonding distance to the NH 2 group of Asn298 and backbone atoms of Thr215, Asn380, and Ile381. The water molecules coordinating the magnesium ion are in hydrogen-bonding distance to the carboxylate groups of Asp212, Asp356, Asp377, Glu404, and the carbonyl oxygen of Asn572 (Fig. 3C) . Asp, Asn, Glu, and Gln residues are well conserved in the core of the ASKHA proteins, where they interact with the phosphates of ATP and the bound Mg 2þ ions (14) .
Discussion
CoFeSP is an unusual corrinoid containing proteins because it occurs in the base-off/His-off coordination and has no protein ligand coordinating the cobalt ion (22, 32) . The absence of protein ligands is the probable reason why the redox potential of the Co 2þ ∕Co 1þ couple of CoFeSP is about 50-100 mV more positive than in other corrinoid containing methyltransferases (25, 33) , rendering it reducible by electrons generated from the oxidation of CO by carbon monoxide dehydrogenases (26) . The necessity for an ATP-dependent reductive activator has therefore not been anticipated. Genes coding for central enzymes of the reductive acetyl-CoA pathway are found in the genomes of various anaerobic microbes including firmicutes (mostly clostridia), δ-proteobacteria, and methanogenic euryarchaeotes. RACo and CoFeSP encoding genes are typically found in close proximity in the firmicutes and δ-proteobacteria, which include the acetogenic, hydrogenogenic, and sulfate-reducing bacteria. In euryarchaeota, RACo homologs are either found not near the CoFeSP genes or, as in the species belonging to Methanosaeta, Methanothermobacter, and Methanocaldococcus, are missing in the genome, which indicates that, although most microbes using the reductive acetyl-CoA pathway rely on a RACo-related ATPase to reactivate Co(II)-CoFeSP, other ways of CoFeSP reactivation probably exist. Alternative mechanisms to generate low-potential electrons may be operative in these bacteria, like a membrane-associated reversed electron transport (34) or a flavin-based electron bifurcation (35) (36) (37) (38) .
Our biochemical studies revealed RACo not only to be a homolog of RamA from Methanosarcina barkeri (18) and the activator of veratrol-O-demethylase from Acetobacterium dehalogenans (16, 17) , but it is also functionally related to these two proteins and acts as an ATP-dependent reductive activator for CoFeSP. The structure of the activator presented here demonstrates that the RACE proteins belong to the ASKHA-type ATPases. Despite the structural homology, the activator does not show obvious sequence homologies to other members of the ASKHA family. Amino acid alignments based on a superimposition of selected members including RACo reveal sequence identities between 10-15%, which are judged as unreliable to identify homology based upon pairwise sequence comparison without the aid of structural information (14) (Table S3 ). In contrast, the homology of the N-terminal domain carrying the [2Fe-2S] cluster with plant-type [2Fe-2S] cluster ferredoxins is not only obvious from sequence identities (28-30%) but also from structural conservation (rmsd values for C α atoms: 1.9-2.1 Å) (Table S4 ). This modular architecture, which separates the ATPbinding site and the iron-sulfur cluster domain is presumably also to be found in RamA and related enzymes with iron-sulfur cluster-binding motifs in their C-terminal domain (18) .
One major challenge for any ATPase-coupled uphill ET is to assure that the transfer of the electron(s) is unidirectional. To achieve unidirectional ET from the Fe protein to the MoFe protein in nitrogenase, the Fe protein uses a molecular choreography based on nucleotide-dependent switch regions (39, 40) . In the presence of ATP or the putative transition state analog ADP Ã AlF 4 − the electron-donating [4Fe-4S] cluster on the Fe protein shifts by 5 Å closer to the electron-accepting P cluster on the MoFe protein. The nucleotide-dependent complex formation between the Fe protein and the MoFe protein combined with this switch is the probable driving force in N 2 reduction by nitrogenase (11, 39, 40) . Complex formation between 2-hydroxyacyl-CoA dehydratases and their activators has been observed in the presence of ADP Ã AlF 4 − but not in the presence of ADP (41), and additional conformational changes in analogy to nitrogenase have been proposed (2) . Thus nucleotide-dependent adaptations of the structure are linked to complex affinities, which likely drive the unidirectional ET in nitrogenase and the 2-hydroxyacyl-CoA dehydratases.
The presence or absence of nucleotides does not influence the formation of the complex between CoFeSP and RACo. In contrast, RACo has a high affinity for its substrate [Co(II)-CoFeSP] but a low affinity for the product [Co(I)-CoFeSP], and thus uses substrate specificity to favor one direction of the reaction. The apparent strict dependence on the oxidation state of CoFeSP to rule complex formation appears as a unique way to drive electron transfer from reduced RACo to Co(II)-CoFeSP. The back ET from Co(I)-CoFeSP to the oxidized RACo is avoided by complex dissociation, separating the electron donor-acceptor couple.
Redox-dependent complex formation distinguishes RACo from the other known ATP-dependent activators. As the three oxidation-states of the cobalamin will only differ slightly in the structure of the corrin ring, a direct interaction of RACo with the corrinoid cofactor of CoFeSP appears mandatory for the specific recognition of Co(II)-CoFeSP. The crystal structure of Co (II)-CoFeSP shows that the corrin ring is sandwiched between the C-terminal domain of the large subunit and the small subunit with both axial coordination sites of Co shielded off by the protein matrix (22, 32) . A readout of the oxidation state appears to require a direct interaction of RACo with the corrin ring, making conformational changes of CoFeSP necessary when forming the encounter complex with RACo. This readout must determine whether the encounter complex progresses into the formation of a stable complex, if Co(II)-CoFeSP specific interactions can be established. Conformational changes are thus likely at the heart of complex formation and ET. Linker regions typically control the flexibility of domains and a long stretch is found between the N-terminal domain of RACo and the ASKHA domain. This linker domain is only present in RACE protein sequences with the N-terminal [2Fe-2S] cluster domain and is absent in the RamA-like RACE proteins (14, 15) , suggesting that the linker domain and the N-terminal domain form one functional unit.
The CoFeSP activator is also distinct from the Fe protein and the dehydratase activator by its modular architecture (2, 13) . In these proteins, the electron-donating [4Fe-4S] clusters are not found in an isolated domain like in RACo, but are directly linked to the ATPase site. The dehydratase activator and RACo are both members of the ASKHA-type ATPases (13), but have only the ASKHA core domain in common. The [4Fe-4S] clusters of the activator of dehydratases and the nitrogenase reductase are symmetrically coordinated by both monomers within the dimer interface, and ATP-dependent movements of the monomers against each other are believed to change the potential of the iron-sulfur cluster and trigger the ET (2). The CoFeSP activator is also a homodimer, but harbors not one but two iron-sulfur clusters, which appear to act independently from each other. A movement of the two RACo monomers is therefore unlikely to change the potential of the [2Fe-2S] cluster. Although in the nitrogenase reductase and the activator of dehydratases the dimers appear to be the functional unit, in RACo both monomers seem to act independently. This difference between a dimer versus a monomer as functional unit is also reflected in the stoichiometry between ATPase and electron-accepting protein. Whereas RACo forms a ternary complex with two CoFeSP molecules per activator dimer, one ATPase dimer of nitrogenase reductase/dehydratase activator binds to and activates one target electron acceptor. Nitrogenase reductase and the dehydratase activator are able to bridge a potential gap of 400-500 mV by hydrolyzing two ATP molecules, whereas the RACE ATPases only need to overcome a barrier of 200-300 mV, and thus the energy provided by hydrolysis of one ATP molecule per electron would be sufficient. The electron/ATP stoichiometry has not yet been determined, but we anticipate a 1∶1 ratio based on the architecture of the monomers. We clearly established that ET is initiated by ATP addition and our mutational studies further revealed that ATP hydrolysis is necessary for ET and that ATP binding alone will not suffice. However, the rate of ATP hydrolysis in our assays is about three orders of magnitude higher than the rate of ET, indicating a high nonproductive ATP hydrolysis, which appears wasteful and uncoupled from ET. We thus have not yet established the proper conditions for a coupled and efficient in vitro ET.
Our biochemical and structural characterization presented above revealed an ATP-dependent reductive activator with unique properties and redox-selective partner recognition to achieve unidirectional ET. The long distance between the ATP-binding site and the [2Fe-2S] cluster makes a direct coupling of ATP hydrolysis and ETunlikely and thus the major question, how ATP hydrolysis is coupled to ET, remains currently unresolved. Further experiments will have to clarify how the energy of ATP is used to enable uphill ETand to show the route the electrons take from the [2Fe-2S] cluster of the activator to the Co 2þ -corrinoid of CoFeSP.
Materials and Methods
The gene encoding RACo was cloned from genomic DNA of C. hydrogenoformans and RACo was produced in E. coli and purified with classical chromatographic steps under anoxic conditions. ATPase activity was determined in a coupled enzyme assay. ATP-dependent ET from RACo to Co(II)FeSP was initiated by ATP addition and followed absorption changes at 475 and 390 nm. Complex formation of RACo and CoFeSP was followed by gel filtration chromatography. The structure of RACo crystal was determined using SIRAS phasing and refined using standard crystallographic methods. See SI Materials and Methods for additional details.
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Hennig et al. 10 .1073/pnas.1117126109 SI Materials and Methods Materials. All chemicals were purchased from Sigma, Fermentas, AppliChem, and Roth and were of at least analytical grade. N 2 and N 2 ∕H 2 (95%∕5%) gases were obtained from Air Liquide. Enzymes (DNA polymerases, DNA ligases, and restriction enzymes) used in molecular biology were purchased from either Fermentas or Finnzymes (Thermo Fisher). Corrinoid-iron/sulfur protein (CoFeSP) was heterologously produced as described recently (1). All anaerobic solutions were prepared in bottles with butyl rubber septum by successive cycles (at least four cycles) of evacuating and flushing with N 2 gas at a vacuum-gas line. Purification, crystallization, and all other biochemical experiments were performed under anaerobic conditions under an atmosphere of 95% N 2 ∕5% H 2 inside a glove box (model B; COY Laboratory Products, Inc.).
Cloning, Site-Directed Mutagenesis, and Expression. The gene CHY_1224 located in the gene cluster coding for the structural genes of the reductive acetyl-CoA pathway, was amplified by PCR from the genomic DNA of Carboxydothermus hydrogenoformans Z-2901 using Phusion DNA polymerase (Finnzymes) and a primer pair containing NdeI and XhoI restriction sites. A 1,896 bp DNA fragment was digested by NdeI/XhoI and ligated into an NdeI/XhoI-digested pETDuet1 vector (Novagen). After transformation of the ligation products into Escherichia coli DH5α, a positive plasmid was analyzed by DNA sequencing (Eurofins) and named pPKCoDuet1.
For a simplified purification of the designed single mutants of the activator, the plasmid pPKCoDuet1 was modified by inserting a cleavage site (ENLYFQG) for Tobacco Etch Virus (TEV) protease in the Multiple Cloning Site 1, sequenced and named pPKCoDuet1TEV. Single amino acids of the activator were exchanged by the quick-change method with the pPKCoDuet1TEV as a template and primer pairs for the desired mutants using Pfu DNA polymerase (Fermentas). The amplified DNA product was digested with DpnI and transformed into E. coli DH5α. Positive plasmids for each mutant were identified by DNA sequencing and named pPKCoDuet1TEV-D212A, pPKCoDuet1-TEV-D377A, and pPKCoDuet1TEV-E404A.
For the expression of the wild-type protein and the mutants D212A, D377A, and E404A, the plasmids pPKCoDuet1, pPKCoDuet1TEV-D212A, pPKCoDuet1TEV-D377A, and pPKCoDuet1TEV-E404A were transformed into the E. coli strain BL21 (DE3). The cultures were grown at 37°C by shaking in modified TB media (2) supplemented with carbenicilin (100 μg∕mL), 0.3 mM FeSO 4 , and 0.3 mM Na 2 S. When the OD 600 of the culture reached 0.7-0.8, it was induced by the addition of 0.2 mM isopropyl β-D-thiogalactopyranoside and supplemented with 0.3 mM FeSO 4 and 0.3 mM Na 2 S. The culture was further fermented for 6 h at 32°C after induction, before it was harvested. Cell pellets were stored at −20°C until use. The supernatant containing the wild-type protein was loaded on a DEAE column (50 mL) equilibrated with buffer A, followed by washing with the same buffer. Protein was eluted with 500 mL of a linear gradient of 0-1 M NaCl in buffer A. Reddish-brown colored fractions were pooled and suspended in a 1 M ammonium sulfate solution, stirred for 1 h, and centrifuged at 12; 100 × g and 8°C for 15 min. The supernatant was applied to a phenyl sepharose column (22 mL) equilibrated with buffer A containing 1 M ammonium sulfate. Proteins were eluted by applying a 300 mL linear gradient of 1-0 M ammonium sulfate in buffer A. Reddish-brown colored fractions containing the target protein were combined and concentrated to a volume of less than 5 mL using a spin concentrator Vivaspin 70 (50 kDa molecular weight cutoff; Vivascience GmbH) equipped with a rubber-sealed screw cap. Concentrated wild-type RACo was loaded on a 120 mL Superdex™ 200 prep-grade gel filtration column (GE Healthcare) equilibrated in buffer A containing 150 mM NaCl. The fractions corresponding to the size of the dimer (approximately 160 kDa) were collected. The protein solution was concentrated and frozen in glass vials equipped with butyl rubber septum in liquid N 2 and stored at −80°C.
To purify the three enzyme variants, the supernatant containing the desired variant was loaded on a Ni-sepharose high-performance column (5 mL) equilibrated with buffer A containing 20 mM imidazole and 200 mM NaCl. The tightly bound protein fraction was eluted using buffer A containing 250 mM imidazole and 200 mM NaCl. After buffer exchange to buffer A containing 150 mM NaCl by a prepacked desalting G25 column, the His 6 tag of the mutated protein was removed by overnight incubation at room temperature with His 6 -tagged TEV protease in the same buffer supplemented with 5 mM β-mercaptoethanol. To separate cleaved His 6 tag and TEV protease from the tag-cleaved protein, the solution was loaded on the Ni-sepharose high-performance column, the flow-through fraction was collected and concentrated to a volume less than 2 mL using a spin concentrator Amicon Ultra-15 30 K (Millipore). The concentrated protein solution was loaded on a Superdex™ 200 prep-grade gel filtration column and the same protocol as used in the wild-type purification was applied to finalize the purification of the mutated proteins.
Analytical Procedures. Non-heme iron content of the as-isolated RACo was determined by the published method of Fish (3). Protein concentrations were routinely measured after Bradford (4) using the Roth reagent (Roti®-Quant).
UV-Visible (UV-vis) Spectroscopy. UV-vis spectra of RACo wild type and the mutants were measured on an Agilent 8453 photodiode array spectrophotometer. All measurements were performed anaerobically at room temperature using quartz cuvettes with 1 cm path length. The UV-vis spectrum of 4 μM RACo (as-isolated) in buffer A was recorded. To obtain reduced RACo, 2 mM dithiothreitol (DTT reduced) were added and the complete reduction was achieved after 10 min incubation.
ATPase Activity Assay. The hydrolysis of ATP catalyzed by RACo was measured anaerobically with a coupled assay using pyruvate kinase (PK) and lactate dehydrogenase (LDH) (5). The reaction mixture was prepared in buffer B (50 mM Hepes, 150 mM Kacetate, and 8 mM Mg-acetate adjusted to pH 7.5 by KOH) and contained 2 mM phosphenolpyruvate, 9.9 units LDH, 6.8 units PK, and 200 nM RACo. Between 0.2 and 5 μM of CoFeSP were included in the reaction mixture to test the influence of CoFeSP on the ATPase activity of RACo. This solution served as a blank before 0.16 mM NADH was added. The reaction was initiated by adding ATP to the reaction mixture. The decrease of NADH absorption at 340 nm was followed at a constant temperature of 25°C (Agilent 8453 photodiode array spectrophotometer equipped with Peltier element). The rate of NADH consumption by LDH corresponds to the rate of ATP hydrolysis and was used to calculate the ATPase activity of RACo. The unit of ATPase activity was defined as micromoles of ADP production per minute. The steady-state kinetic constants, K m and V max , were determined by varying ATP concentrations from 0 to 9 mM. The program GraFit 5 (6) was used for nonlinear regression analysis applying the Michaelis-Menten equation.
ATP-Dependent Reductive Activation Assay. ATP-dependent electron transfer from RACo to Co(II)-CoFeSP was determined anaerobically at a constant temperature of 25°C. The assay mixture contained 2 μM activator, 2 or 4 μM Co(II)-CoFeSP, and 2 mM DTT in a final volume of 500 μL in buffer B. The reduction of RACo by DTT was followed by the decrease of the absorption at 350, 410, and 460 nm. When the reduction was completed, a blank spectrum was taken to define the baseline. The ET from the reduced RACo to Co(II)-CoFeSP was initiated by adding ATP. The development of Co(I)-CoFeSP was followed by monitoring the increase of the absorption at 390 nm and the decrease of absorption at 475 nm on an Agilent 8453 photodiode array spectrophotometer. Spectra were recorded every 10 s. For the mutants, the same assay was applied using 2 and 10 μM of the mutants.
Complex Formation of RACo and CoFeSP. To investigate the complex formation between RACo and CoFeSP, we performed gel filtration experiments using a Superdex™ 200 prep-grade gel filtration column inside the glove box. Generally, 45 μM of each protein was dissolved in buffer A containing 150 mM NaCl, and incubated for 10 min before injection to the column. Incubating the protein with 5 mM ATP or 5 mM ADP in the presence of 50 mM MgCl 2 was used to test the influence of nucleotides on the formation of the complex. We determined complex formation of RACo with different states of CoFeSP [Co(I), Co(II), and CH 3 -Co(III)]. Co(I)-CoFeSP was prepared by incubating Co(II)-CoFeSP with 1 mM Na-dithionite. The gel filtration experiment was run using the same buffer as before but containing 1 mM Na-dithionite. CH 3 -Co(III)-CoFeSP was prepared by reconstitution of the [Fe/S]-only CoFeSP (1) with methyl-cobalamin instead of hydroxocobalamin. Individual peak fractions from each gel filtration experiment were collected for analysis by SDS-polyacrylamide gel electrophoresis. A densitometry analysis of the SDS gels was conducted using the program ImageMaster™ 2D Platinum v7.0 (GE Healthcare). The elution volumes of the peaks were transformed into molecular weights using a standard curve constructed from known standard proteins in the running buffer: 4 mg∕mL lactate dehydrogenase (140 kDa), 4 mg∕mL conalbumin (75 kDa), 4 mg∕mL ovalbumin (43 kDa), 4 mg∕mL ribonuclease (13.7 kDa). All experiments were performed at least twice with independently prepared protein samples. Diffraction datasets were integrated and scaled using X-ray Detector Software (XDS) (7) . Initial phases were calculated by SIRAS techniques from the datasets of native (d min ¼ 2.35 Å) and HgCl 2 -derivatized (d min ¼ 2.62 Å) activator crystals using the AutoSol module of PHENIX (8) . Binding sites for eight Hg 2þ ions were detected (Table S1 ). Iterative cycles of model building and refinements were carried out with COOT (9) and CNS (10) . A first model of the activator without N-terminal domain was refined at 2.35 Å with final R∕R free values of 0.226∕ 0.273 (Table S1 ). The crystal structure of the activator including the N-terminal [2Fe-2S] cluster domain was solved by Patterson search techniques with the native structure of the activator as homologous search model using Phaser-MR integrated in PHE-NIX. Residues Cys38-Cys44 were modeled based on comparison to homologous structures of known stereochemistry because they were only weakly defined in the electron density. Secondary structures were assigned using STRIDE (11) . Data collection and refinement statistics of the reported structures are given in Table 1 . Coordinates and structure factors have been deposited in the Protein Data Bank (PDB ID 3ZYY). (Fig. 3A) is depicted in cyan, and the residues and helices from subunit B are indicated by primes. Water molecules mediating H-bonding interactions are shown as spheres. The conserved βββαβαβα topology of the ASKHA family is shown with β-strands in magenta and α-helices in marine. H10, H13 (situated behind H12), H15, H16, H18, H19, H21, H23, H27 are 3 10 helices. This core topology of the activator has an order of S13-S14-S15-H10-S16-H12-S18-H25 in domain I and S19-S20-S21-H21-S27-H23-S29-H15 in domain II. The C terminus of H25 and the N terminus of H15 connect the two domains. Numbers in brackets denote the values found in the highest resolution shell. CC, correlation coefficient; FC, calculated structure factor; FP, protein structure factor; FH, heavy atom structure factor; ASU, asymmetric unit. *Friedel mates were treated as independent reflections. † R s ¼ Σ h Σ i jI i ðhÞ − hIðhÞij∕Σ h Σ i I i ðhÞ; where i are the independent observations of reflection h. ‡ The R free factor was calculated from 5% of the data, which were removed at random before the refinement was carried out. Numbers in brackets denote the values found in the highest resolution shell. ASU, asymmetric unit. *R s ¼ Σ h Σ i jI i ðhÞ − hIðhÞij∕Σ h Σ i I i ðhÞ; where i are the independent observations of reflection h. † The R free factor was calculated from 5% of the data, which were removed at random before the refinement was carried out. 
